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ABSTRACT 

 
In this project, we proposed to develop and investigate a sensitive microwave sensor 
based on a two-cell SQUID by imitating the operational principle of the fly's ears. The 
fly ormia shows astonishing localization ability with its tiny hearing organ. In this 
report, we show first measurement results based on several available Josephson 
junction (JJ) circuits. We investigated the current-voltage characteristics as a function 
of external magnetic field. We have also developed a new experimental setup for 
applying microwave signals with controllable phase shift and observed the response 
of the SQUID circuits to small variations of the phase and/or amplitude of two 
microwave signals coupled off-chip. We find that the dc voltage of the studied 
two-cell SQUID varied by 0.02 μV under the change of the phase difference of the 
microwave radiation signal by 1°. Furthermore, we designed new specially tailored 
SQUID circuits dedicated for measurements of the microwave phase difference 
between two incoming signals. The designed circuits have been submitted for 
fabrication at Hypres Inc. 

1. Introduction 
A small yellow tachinid fly ormia is able to sense a small signal phase difference by 
using its evolutionally developed hearing system to couple the two tympani by a stiff 
membrane, so that the coupled tympani have two frequency sensitive modes. The 
membrane antisymmetric mode is dominant and yields a signal that is large enough to 
establish the direction of the acoustic source. The directional acuity in the hearing of 
the tachinid fly ormia allows to determine the direction of incoming sound to the 
~2.5° accuracy. [1, 2]  

Inspired by the hearing ability of the fly, we proposed to build a directional 
microwave sensor based on the operational principle of the fly's ears. We would like 
to use for that two LC resonant modes of a two-cell SQUID. Two possible operation 
modes for the two-cell SQUID are (i) operating it in a passive way without dc bias 
currents and (ii) with dc currents biasing the SQUID in a finite voltage state. We have 
searched for the response sensitivity of the SQUID to small variations of the phase 
and/or amplitude of the microwave signals that are coupled to the two SQUID cells. 
Since the variation of the phase and/or the amplitude of the microwave signals 
between the two cells of the SQUID is a function of the angle of the incoming 
microwave, this device can be used to detect the incident angle of the microwave 
signal. 

2. Experimental Setup and Results 

We started from experiments on a Josephson junction circuit and then single and 
double cell SQUID circuits, which were previously developed for different type of 
experiments. We investigated the current-voltage characteristics modulated with 
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external magnetic field and the response sensitivity to variations of the phase of the 
microwave signal coupled to the circuits.  

2.1 Experiment Setup 

A standard experimental setup for measurements at liquid helium temperature was 
employed for testing the samples and evaluation of their parameters at T = 4.2 K. The 
sample, mounted on a dip-stick using a suitable holder, is remaining in the vapor 
above the surface of liquid helium. This allows us to control the temperature of the 
sample in the range from 4.2 K to 6.5 K. The temperature of the sample was close 
increased by lifting the sample to different positions that are slightly above the liquid 
helium surface. 

The sample is ultrasonically bonded to a sample holder through aluminum wires with 
a diameter of 25μm. The symmetric low-pass RC filters (with ~15 dB cut-off 
frequency at ~1 kHz) on the sample holder shield the sample from external 
high-frequency electromagnetic interference. The sample is connected to the external 
analog electronics via twisted wires. To exclude the line resistances from the 
measurement, we use a standard four-point measurement technique. The shielding of 
the system from external dc magnetic fields is achieved through a cryoperm cylinder 
enclosing the bottom part of the dip-stick. A coil, placed below the sample holder, 
allows applying a magnetic field perpendicular to the plane of the sample. The 
microwave radiation was provided through two coaxial cables each ending with a 
small closed loop. Figure 1 shows the schematic view of the electronic setup that was 
employed for the measurements. 

 
Figure 1. The schematic view of the electronic setup of the measurements. 
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2.2 Experimental Results and Analysis 

The investigated Josephson junction circuits are constituted by the lumped 
Nb/Al-AlOx/Nb tunnel JJs. Niobium (Nb) is used as superconducting material with 
critical temperature Tc = 9.2 K. The insulating barrier is made of aluminum oxide 
(AlOx).  

2.2.1 One Josephson junction circuit  

Figures 2(a) and 2(b) show the optical image and the sketch of the single-JJ circuit, 
respectively. The dimension of the JJ is 5×5 μm2. The JJ is indicated by the cross in 
figure 2(b). Two microwave radiation signals with the phase difference β are coupled 
to the JJ by the two loops. In Figure 2(b), ω is the angular frequency of the 
microwave radiation and ΦRF denotes the amplitude of the microwave radiation 
signal. 

Generally, in order to observe large-amplitude Shapiro steps, the characteristic 
frequency of the junction fc = IcRn/Φ0 should be close to the frequency fRF of the 
microwave radiation signal. As the characteristic frequency of JJ can be adjusted by 
the variations of the critical current of the JJ, we figured out that the optimum results 
can be achieved by controlling the temperature of the sample. As the temperature 
change also affects the damping, data presented below refer to the overdamped 
junction behavior. 

Figure 3(a) illustrates the current-voltage characteristics of the one-JJ circuit for 
several different values of phase difference β. The dashed curve marked with 
triangles denotes the current-voltage characteristics without external microwave 
radiation. It shows that the critical current Ic = 20 μA and the normal resistance Rn = 
2.4 Ω, which results in the characteristic frequency of fc ~ 23 GHz. From this figure, 
we can observe the maximum height of the first Shapiro step at β = 0° and the 
minimum height of the first Shapiro step at β = 180°. As shown in Figure 3(b), with 
the increasing of the phase difference, the height of the first Shapiro step varies 
approximately proportionally to |cos (β/2)|. We also investigated the current-voltage 

  

Figure 2. (a) Optical image of one JJ circuit.  (b) The sketch of the circuit and the coupling of two 

external microwave signals. The JJ is indicated by cross. 
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characteristics modulated with externally applied dc magnetic fluxes. However, only 
small changes of the characteristics of the Shapiro steps were observed. 

 

  
Figure 3. (a) The current-voltage characteristics of 

the single-JJ circuit taken at fixed microwave power 

for several different values of the phase difference β. 

The frequency of the microwave radiation is 20 GHz. 

(b) The current amplitude of the first Shapiro step versus 

the phase difference β. 

2.2.2 One-cell SQUID circuit with two JJs 

Figure 4(a) shows the photograph of a one-cell SQUID circuit with two JJs. The 
dimension of the hole in the middle of the circuit is 4×4 μm2. Figure 4(b) shows the 
sketch of the one-cell SQUID circuit. Two microwave signals are coupled to the  

  

Figure 4. (a) The optical image of the one-cell 

SQUID circuit with two JJs. 

(b) The sketch of the one-cell SQUID circuit. The JJs are 

indicated by the cross. 
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Figure 5. (a)The current-voltage characteristics of the 

one-cell SQUID for several different values of the 

phase difference β. The frequency of the microwave 

radiation is 20GHz. 

(b) The dependence of the height of the first Shapiro 

step of the one-cell SQUID on the phase difference of 

two microwave radiation signals. 

  

Figure 6. The dependence of the critical currents of 

the one-cell SQUID on the externally applied dc 

magnetic fluxes. 

Figure 7. The current-voltage characteristics of one- 

cell SQUID under a microwave radiation. Different 

curves represent the current-voltage characteristics at 

different amplitudes of external dc magnetic fluxes.  

circuit by two closely positioned coupling loops. The external applied dc magnetic 
field was induced by a coil placed underneath the circuit and was perpendicular to the 
plane of the substrate. The junctions are indicated by crosses in Figure 4(b).  

The dependence of the current-voltage characteristics of the one-cell SQUID on the 
phase difference of two microwave radiation signals was investigated, which is 
shown in Figure 5(a). Figure 5(b) demonstrates the dependence of the current 
amplitude of the first Shapiro step of the one-cell SQUID on the phase difference 
between two microwave radiation signals. Comparing Figures 3(a), 3(b), and 5(a), 
5(b) one can see that some characteristics of the one-cell SQUID under the radiation 
of two microwave signals are similar to those of the one-JJ circuit. We also observed 
here that the amplitude of the first Shapiro step varies with the phase difference β 
proportionally to |cos (β/2)|. Furthermore, the maximum amplitude of the first Shapiro 
step is observed at β = 0° and the minimum height of the first Shapiro step is 
observed at β = 180°. However, there is a difference between the SQUID and 
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single-JJ circuit. The critical current and the height of the Shapiro step of the one-cell 
SQUID can be adjusted in easy way by applying the external dc magnetic flux. Figure 
6 shows the critical current of the one-cell SQUID as a function of external dc 
magnetic flux. Figure 7 illustrates the dependence of the Shapiro steps on the external 
dc magnetic flux under fixed microwave radiation power. The frequency of radiation 
microwave is 20 GHz. 

 

2.2.3 Two-Cell SQUID with Seven JJs 

Figure 8 shows the optical image of the two-cell SQUID circuit with seven JJs and 
the sketch of the geometry of the circuit. The dimensions of the holes in this circuit 
that we had available from previous experiments is 18×18 μm2. The distance between 
the two holes is about 90 μm. Two microwave radiation signals are coupled to the 
circuit by two closed coupling loops, which are as before placed above the sample. 
The external applied dc magnetic flux is induced by a coil located under the circuit.  

 

 

 

Figure 8. (a) Optical image of the two-cell SQUID with 

seven JJs. The dimension of the holes is 18×18 μm2.The 

distance between the two holes is ~90μm. 

(b) The sketch of the two-cell SQUID circuit. The 

seven JJs are indicated by crosses. 

The magnetic field is perpendicular to the circuit plane and makes the magnetic flux 
in the two cells symmetric. Figure 9 illustrates the IV curve of the two-cell SQUID 
with (black line) and without (red line) microwave radiation. The frequency of the 
microwave radiation signal is 19.22 GHz. Under the chosen measurement 
temperature, the circuit has the critical current Ic = 19 μA, the normal resistance Rn = 
3.8 Ω, and the resulting characteristic frequency fc = 35 GHz. Figure 10 shows the 
critical current of the two-cell SQUID as a function of externally applied dc magnetic 
flux with no microwave radiation applied. 

Figure 11 presents the current-voltage characteristics of two-cell SQUID irradiated by 
microwaves. Different curves represent the current-voltage characteristics with 
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different amplitudes of the external dc magnetic fluxes. The frequency of the 
microwave radiation signal is 19.22 GHz. It is evident that the characteristics of the 
Shapiro steps of the two-cell SQUID circuit are affected by the dc magnetic  

 

flux. The experiments also demonstrate that the characteristics of the Shapiro steps 
can be influenced by the phase difference of the two microwave radiation signals. 
Figure 12 shows the current-voltage characteristics for phase differences of β =10°, 
β=20° and β =30°. We can see from this figure that there are significant differences 
between these current-voltage characteristics. 

To summarize, the characteristics of Shapiro steps vary as the phase difference β 
between two microwave signals changes. Therefore, one can record the voltage 
variation of the two-cell SQUID circuit by imposing a bias current on certain point 

    
Figure 9. The current-voltage characteristics of two cell 

SQUID with (black line) and without (red line) microwave 

radiation. The frequency of the microwave radiation is 

19.22GHz.  

Figure 10. The dependence of the critical currents of 

the two-cell SQUID on the externally applied DC 

magnetic flux. 

  
Figure 11. The current-voltage characteristics of the 

two-cell SQUID irradiated by a microwave signal.  

Different curves represent the current-voltage 

characteristics at different amplitudes of external DC 

magnetic fluxes. The frequency of the microwave 

radiation signal is 19.22GHz.   

Figure 12. The current-voltage characteristics of the 

two-cell SQUID under the radiation of two microwave 

signals for different values of the phase differences β. 

The frequency of the microwave radiation is 19.22GHz. 
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between e.g. the first Shapiro step and the zero-th Shapiro step (superconducting state). 

As demonstrated in Figure 13(a), when the bias current is set to the working point a, a 
variation of the phase difference produces a variation of the voltage from point a to 
point b. Figure 13(b) shows the dependence of the variation of the voltage on the phase 
difference. From this figure, we can see that there is ~1 μV dc voltage variation induced 

   
Figure 13. (a) The sketch of how to measure the voltage 

variations versus the phase difference. 

(b)The voltage variations versus the phase difference. 

The frequency of the microwave radiation is 19.22 GHz 

per degree near the steepest part of the curve, which means  

degree

μV1
=

∆
∆
β
V

 

We elaborate the phase difference issue a bit further in Figure 14. By considering the 
cells plased in free space, the phase difference β between the signals received by the 
two cells can be represented as: 

λ
θπβ sin2 d

=  

where θ denotes the angle of the incoming signal, d is the distance between two cells 
of the SQUID and λ is the wavelength of the incoming microwave radiation. In our 
experiments, the frequency of the incoming microwave signal is 19.22 GHz and d =  
90μm. As a result, when the incoming angle θ varies by 90°, the phase difference will  
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   Figure 14. Schematic diagram of the relationship of incoming angle θ and the phase difference β. 

 

vary ~2.1°. Therefore, the voltage change becomes ~ 0.02 μV for the incoming angle 
θ variation of 1°, which can be presented as 

degree

nV20

90

1.2
=

°
°

∆
∆

=
∆
∆

βθ
VV

 

As we anticipate to show later, when adjusting the external dc magnetic fluxes 
through the two cells of the circuit to be antisymmetric or even asymmetric, the 
voltage change should be more sensitive to the phase difference of the microwave 
radiation signals. 

3. New Design 

Based on the experiment results, the new designs of the two-cell SQUID circuit with a 
phase shifter have been designed and have been submitted to the company of Hypres 
Inc. to be fabricated. Unfortunately, our initial submission to Hypres scheduled for 
June 2009 was delayed from the Hypres side till August and the samples have not 
been delivered until now. The delay with delivering the ordered samples made it 
impossible for us to present any new data for specially designed sample in this report. 

Figure 15 shows the sketch and the layout of the two-cell SQUID circuit that we have 
designed and submitted to Hypres. In this circuit, we would like to impose a uniform 
symmetric external flux (the red control line at the bottom), for which the circulating 
currents tend to cancel out in the middle junction. Moreover, we also like to employ an 
asymmetric external flux so that half of the current is directed up on the left part of 
the SQUID and another half of the current is directed down on the right side 
(asymmetric flux is induced by the bottom black control line). This should lead to a 
much larger voltage change on the middle junction since the left and right hand side 
circulating currents should sum up in phase. Furthermore, we anticipate that the 
voltage signal of the middle junction can be boosted by a bifurcation when operating 
at an anti-resonance of the two cells. As the detection of both symmetric and 
anti-symmetric fluxes is necessary for the direction finding aspect to work, the 
voltages induced by symmetric external flux can be measured across the two junctions 
on the sides.  

The directional coupling of the microwave field will be emulated by two 
synchronized microwave signals with tunable phase shifter. Two microwave signals 
will be individually coupled on-chip to the two SQUID cells. We also designed an 
on-chip tunable phase shifter made of another dc-SQUID circuit. By varying the bias 
current or dc magnetic flux of the SQUID, one should be able to adjust the inductance 
of the circuit and, at the same time, the phase of one of the microwave signals that 
comes through it [3]. 
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(a) 

 
(b) 

Figure 15. (a) The sketch and (b) the layout of the two-cell SQUID circuit. 

4. Conclusion 

We have reported preliminary experiments aimed at development of a sensitive 
microwave directional sensor based on a two-cell SQUID by imitating the operational 
principle of the fly's ears. Several available Josephson junction (JJ) and SQUID 
circuits have been measured. We have detected the response of two different SQUID 
circuits to small variations of the phase of two microwave signals that were coupled to 
the circuits. The resulting projected the dc voltage sensitivity has been estimated as 
0.02 μV under the change of the phase difference of the microwave radiation signal of 
1°.  Furthermore, based on these experimental results we have designed specially 
tailored SQUID circuits with two on-chip microwave ports and a phase shifter, which 
have been submitted for fabrication to Hypres foundry. 
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	Figure 8 shows the optical image of the two-cell SQUID circuit with seven JJs and the sketch of the geometry of the circuit. The dimensions of the holes in this circuit that we had available from previous experiments is 18×18 μm2. The distance between...
	The magnetic field is perpendicular to the circuit plane and makes the magnetic flux in the two cells symmetric. Figure 9 illustrates the IV curve of the two-cell SQUID with (black line) and without (red line) microwave radiation. The frequency of the...
	Figure 11 presents the current-voltage characteristics of two-cell SQUID irradiated by microwaves. Different curves represent the current-voltage characteristics with different amplitudes of the external dc magnetic fluxes. The frequency of the microw...
	flux. The experiments also demonstrate that the characteristics of the Shapiro steps can be influenced by the phase difference of the two microwave radiation signals. Figure 12 shows the current-voltage characteristics for phase differences of β =10 ,...
	where θ denotes the angle of the incoming signal, d is the distance between two cells of the SQUID and λ is the wavelength of the incoming microwave radiation. In our experiments, the frequency of the incoming microwave signal is 19.22 GHz and d =  90...
	vary ~2.1 . Therefore, the voltage change becomes ~ 0.02 μV for the incoming angle θ variation of 1 , which can be presented as
	As we anticipate to show later, when adjusting the external dc magnetic fluxes through the two cells of the circuit to be antisymmetric or even asymmetric, the voltage change should be more sensitive to the phase difference of the microwave radiation ...
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